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a b s t r a c t
Though press and sinter powder metallurgy (PM) steel offers cost-effective solutions for structural applications,
there is a constant drive for improvement in their density. Addition of nanopowder to the conventional
micrometre-sized metal powder is explored to improve the sinter density. In this study, the effect of nanopowder
addition in varying amounts has been studied. Carbonyl iron powder (<5 μm) and water atomized iron powder
(<45 μm) were used as the base powder to which varying amounts of iron nanopowder (<100 nm) was added.
Dilatometric sintering studies under pure hydrogen atmosphere were carried out to analyze the densiﬁcation behavior. The results revealed that the bimodal powder mixture containing 25% nanopowder exhibited the highest
green density for both carbonyl and ASC 300 compacts. Master sinter curve for compacts was developed based on
the dilatometer data. The apparent activation energy for sintering decreased with an increase in nanopowder
content. This is reﬂected in the values of work of sintering.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction
To manufacture structural components through powder metallurgy
(PM), the press and sinter route has been shown as a cost-effective solution for large volume production. In order to expand the usage of PM
steel to applications where there is a demand for higher performance,
e.g. highly-loaded structural parts, the relative sintered density must
be improved [1]. There are different ways to improve the density of
the compact: increasing the compaction pressure, increasing the
sintering temperature or by addition of sintering aids, like in the case
of liquid phase sintering. It is known that nanopowder can provide various beneﬁts like decrease in sintering temperature and increase in mechanical properties owing to the ﬁne grain size [2]. Nanopowder
additions to powder injection molding, have shown to assist in producing dense parts at lower sintering temperatures, due to the lower activation energy required to sinter nanopowder [3]. However, at the same
time, nanopowder can be associated with problems such as agglomeration, decrease in powder ﬂowability and the high speciﬁc surface energy
also makes it susceptible to oxygen pick-up, apart from the high cost associated with nanopowder [4]. Also, its addition can contribute to high
interparticle friction decreasing the packing density, and together with
agglomeration, inducing defects in green components [5]. Owing to
these factors, not many studies have been devoted to exploring the efﬁcacy and impact of nanopowder addition in press and sinter of water atomized powder steel. The authors have studied the inﬂuence of addition
⁎ Corresponding author.
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of nanopowder to micrometre-sized water atomized iron powder in detail elsewhere [6], whereby it was shown that the nanopowder showed
shrinkage at temperatures as low as 500 °C. The fractographic analysis
on the compacts that were sintered at temperatures like 500 and 700
°C, revealed that the nanopowder in a bimodal powder compact
showed no signs of sinter bonding at 500 °C, while signiﬁcant sinter
bond necks had formed at 700 °C.
Sintering is the crucial stage in the manufacturing of various PM
components as it sets the ﬁnal properties and controls the ﬁnal dimensions. During sintering, discrete particles of a porous body undergo thermal consolidation in order to reduce the surface energy by forming a
dense product [7]. Sintered density of a component, being a fundamental property, inﬂuences the performance as the physical and mechanical
properties are directly related to it. Thus, the processing parameters like
compaction pressure and sintering temperature play an important role
and for the same reason understanding of the overall densiﬁcation process becomes crucial. Based on classical models for sintering developed
by Kingery et al. [8] and Coble [9], various models for predicting density
have been proposed. One of the widely used models is the so called master sintering curve (MSC) developed in 1996 by Su and Johnson [10];
the determination of such curve requires a minimum set of experiments
to describe the sintering process. MSC provides a measure of the densiﬁcation of a material, within the conditions of a speciﬁc density range
and is unique for a given material processed in a speciﬁc manner [11].
This method has been applied to the classical sintering of powder for a
wide variety of metals such as iron [2] stainless steel (two-phase MSC
for 17–4pH stainless steel [12], 316 L stainless steel [13,14]), nickel
[15], tungsten [16] as well as ceramics like alumina [17], zirconia [10].
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Also, the MSC concept has been adopted for processes like pressureassisted sintering of alumina [18], spark plasma sintering of UO2 and
UO2-SiC [19]. The MSC method is reliant on the experimental data
which makes it practical and convenient. Still, although MSC approach
has been applied to variety of materials, most of the reported studies
deal with unimodal size distribution of powder.
In this study, micro/nano bimodal iron powder mixtures have been
examined. Two different micrometre sized iron powder were studied,
with varying ratios of iron nanopowder additions. The compaction
and sintering behavior for the different micro/nano bimodal iron powder mixtures was evaluated, and the relevant master sintering curves
for each powder mixture were developed. The aim of study is to explore
the compromise between the expected lowering of the sintering activation by nano-powder addition and potential negative impact on green
density prior to sintering. It envisaged that the bimodal size distribution
of powder, composed of the mixture of base micrometre sized powder
with an optimized addition of nanopowder as sintering aid could be
utilised for future manufacturing of structural components requiring
higher density, such as gears and shafts for automotive applications.
The study is part of a larger frame of research aiming to achieve full density in PM components produced through press and sinter route using
water-atomized steel powder as base powder material. To explore the
MSC curve approach from a theoretical point of view, commercially
available carbonyl powder, having a relatively ﬁne particle size (<5
μm) with high speciﬁc surface energy, was used as base powder with
additions of the iron nanopowder. Then, water-atomized iron powder
(<45 μm), being coarse in comparison to the carbonyl powder, but
still having smaller average particles size than mainstream wateratomized iron powder (<150 μm) was used. The choices of experimental materials were selected to provide the necessary test matrix for the
development and assessment of MSC for sintering of iron/steel powder
compacts with nanopowder addition. There have been studies regarding the anisotropic sintering behavior [20], including the authors own
unpublished work [21] where the impact of uniaxial compaction was
shown on sintering. However, for the context of the current work and
speciﬁcally for the application of MSC approach, isotropic shrinkage
phenomenon is considered.
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where L is the dimension of the compact, t is the time, γ is the surface
energy, Ω is the atomic volume, k is Boltzmann's constant, T is the temperature, Γis the lumped scaling factor; which comprises characteristics
for the component with respect to driving force, mean diffusion distance and geometric features and mean grain diameter, while D is the
diffusion coefﬁcient, δ the thickness of the grain boundary and G is the
mean grain diameter. The subscripts b and V represent grain boundary
diffusion and volume diffusion, respectively.
Assuming isotropic shrinkage, the shrinkage rate can be expressed in
relation to densiﬁcation rate as below:
−

dL
dρ
¼
Ldt 3ρdt

ð2Þ

where ρ is the density.
To overcome the challenges posed by the (a) variation in the values
of diffusivities for grain boundary and volume diffusion and
(b) experimental characterization of lumped scaling factors, Su and
Johnson [10] rearranged the equation and divided it into two parts, density dependent material parameters on one side and process dependent
parameters on the other side and thereby developed the expression as
follows:
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The right-hand side, however, depends only on activation energy
(Q) and time-temperature proﬁle. This part is commonly referred as
work of sintering (Θ):
Z
Θ ðt, TÞ ¼

t
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Densiﬁcation parameter (ψ), is used to overcome the challenge
when comparing materials with different green densities [15] and the
densiﬁcation ratio (Φ) is used for the linearization, see equation

1.1. Master sintering curve model
ψ¼
Sintering is a thermally activated process that involves mass transport resulting in metallurgical bond formation between the metal powder particles. The driving force for sintering is to reduce or lower surface
energy associated with the high speciﬁc surface area of the powder particles. For solid state sintering, atomic movement by diffusion is of importance. This movement of atoms can occur via the surface, grain
boundaries or through the bulk of the powder particles or grains, once
bonding has occurred. When the surface transport mechanisms are active, there is only bond formation between the particles, but the centers
of the particles are not drawn closer to another. For the case of grain
boundary and lattice diffusion mechanisms, being bulk transport mechanisms, the centers of the particles are drawn closer, thereby increasing
the density of the compact. When the centers are drawn closer, there is
an observable change in the dimension of the compact. A volumetric
change is then noticed as the sintering densiﬁcation occurs, through
which the change in density could also be depicted. To predict the dimensional and subsequent density changes owing to the mass transport
mechanisms during sintering, a combined stage sinter model was developed by Hansen et al. [22]. The master sintering curve (MSC) approach relies on ﬁtting experimental data to the MSC model, although
it is derived from the combined sinter stage model. Densiﬁcation of
the compact or the linear shrinkage rate is linked to the dominant diffusion mechanisms that operate, grain boundary and volume diffusion,
resulting in the equation [23], showing the instantaneous linear shrinkage rate for the combined stage sintering model given by:

ρ−ρ0
1−ρ0

ð5Þ

Densiﬁcation ratio (Φ) is given by:
Φ¼

ρ−ρ0
1−ρ

ð6Þ

2. Materials and methods
2.1. Materials
Two micrometre sized grades of powder were used as the base powder in this study, a < 45 μm water-atomized iron powder (ASC 300,
Höganas AB, Sweden) and a < 5 μm carbonyl iron powder. Pure iron
nanopowder <100 nm (Sigma-Aldrich) was used as nanopowder.
Carbonyl iron powder is produced through a thermochemical decomposition process, whereas ASC 300 as said is produced through the

Table 1
Particle size analysis of micro powder grades used for sintering experiments.
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Powder

Particle size analysis, μm

ASC 300
Carbonyl powder

D10: 17.93, D50: 33.00, D90: 58.42
D10: 2.01, D50: 4.42, D90: 8.47
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to measure the mass of the compact, to an accuracy of 0.0001 g. Density
of the sintered compacts was measured using Archimedes principle.
Optical microscopy was carried out using a Zeiss Axioscope 7.

water atomization process. The D50 particle size of the different powder
are given in Table 1.
The iron nanopowder was admixed with two other kinds of powder
to prepare different mixtures using a tumbler mixer placed in a
glovebox ﬂushed throughout the process with 99.999% pure nitrogen.
Mixing was carried out for 12 h. Mixing was carried out in the glove
box to minimize the nanopowder contamination. Four different bimodal powder mixes were formulated with nanopowder content of 5,
25, 50 and 75 wt% for mixes with water-atomized iron powder and carbonyl iron powder, respectively.

3.1. Treatment of dilatometric data
The MSCs for different powder combinations were developed from
the dilatometric data. As a primary step towards the development of
MSC, the raw data was processed in order to eliminate the thermal expansion from the data. The density at each data point was derived assuming that the sample undergoes isotropic shrinkage [15].
Corrected shrinkage data was obtained by means of the following
equation:

3. Methods
Different powder mixes were characterised by means of scanning
electron microscopy (SEM) using Carl ZEISS-LEO Gemini 1550,
equipped with a ﬁeld emission gun.
The powder mixes were compacted using a uniaxial compaction
press at a pressure of 300 MPa. The compaction pressure was kept low
in order to produce a powder compact that has sufﬁcient green strength
to be handled, while, at the same time minimizing the impact of compaction on the sintering behavior. Compaction increases the coordination number and contact area between the particles, as well as induce
dislocations in the crystal structure inside the individual powder particles. This has been shown to inﬂuence the sintering behavior of
compacted metal powder [24].
The compacts were cylindrical disks of 10 mm diameter and 4 mm
height. Sintering was conducted using a DIL 402C horizontal push rod
dilatometer (Netzsch Thermal Analysis GmbH, Germany: DIL) under
99.9999% hydrogen gas atmosphere. The dimensional change was recorded in the direction parallel to the compaction direction. The target
sintering temperature was 1350 °C with the isothermal holding time
of 1 h. Though well above what is used in industrial-scale, sintering temperature of 1350 °C was chosen to study the entire range of sintering. To
analyze the densiﬁcation behavior, the dilatometric sintering was performed with heating rates of 2, 5 and 10 °C/min.
The green density of the compacts was calculated from the measured mass and volume of each compact. A micrometre was used to
measure the height and the diameter of the cylinder, from which the
volume of the compact was calculated. The simple balance was used

1

e3 ðT−T 0 Þ
ε00 ¼ ε0 −α m ρ

ð7Þ

where ε′ is the shrinkage obtained from dilatometry, αm is the coe is the relative density, T is the temperefﬁcient of thermal expansion, ρ
ature and T0 is the temperature at the initial condition.
4. Results and discussion
4.1. Powder compaction behavior
4.1.1. Carbonyl powder
The micrometre/nanosized bimodal powder mixture produced from
carbonyl powder and nanopowder is shown in Fig. 1. The morphology
of the micrometre and nanosized powder variants was observed to be
spherical. During the tumbler mixing, the micrometre particles act as
balls and disintegrate the nanopowder agglomerates. Through this,
nanopowder distributed well and the agglomeration was reduced.
Higher packing density is then achieved for powder mix as the ﬁne
nanosized particles ﬁll the gaps between the large metal particles.
German presented the equation to estimate the packing density with
an assumption of an ideal mixture [25], which can be used as basis for
depicting this effect with a size ratio between large/small particles
greater than 7 being a critical criterium improved packing.
The green density in terms of relative theoretical density, as shown
in Fig. 2, initially increases with the increase in the amount of

Fig. 1. SEM images of the powder (a) carbonyl, (b) C + 5%, (c) C + 25%, (d) C + 50%, (e) C + 75% and (f) nanopowder.
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Fig. 2. Relative density and densiﬁcation parameter of carbonyl compacts with varying
amounts of nanopowder after compaction at 300 MPa.

Fig. 4. Relative density and densiﬁcation parameter of water-atomized iron powder (ASC
300) compacts with varying amounts of nanopowder.

nanopowder and then eventually decreases when nanopowder content
reaches above an optimum level. The maximum green density of 76%
(0.76 relative density) was hence obtained for powder mix containing
25 wt% nanopowder. This shows that the nanopowder effectively ﬁlled
the spaces between the micrometre sized powder. The compact containing only nanopowder had the lowest relative density of 0.55 after
compaction. This could be explained through the resistance offered by
nanopowder to the compaction process [26].

subsequent compaction [27]. As seen from Fig. 4, the maximum green
density of 79% (0.79 relative density) was obtained for compact with
25 wt% nanopowder containing compact. Consequently, the initial increase and subsequent decrease in green density with the addition of
nanopowder showed similar trend for compacts with both carbonyl
iron and water-atomized iron powder base powder.
4.2. Sintering behavior

4.1.2. Water atomized powder
Water-atomized iron powder of type ASC 300 combined with
nanopowder in different weight fractions is shown in Fig. 3. The irregular morphology of the iron powder, a characteristic of water atomization
process, can be seen from Fig. 3a. The water-atomized powder being irregular in shape allowed as well the nanopowder to ﬁll well in between
the particles. Then, the irregular morphology helped in retaining the
nanopowder on its surfaces and also between the particles during the

4.2.1. Carbonyl powder without and with added nanopowder
Sintered density values, in terms of relative density, are shown in
Fig. 2 and Table 2. Samples heated at slow heating rate exhibited higher
sintered density because they were exposed to thermal energy for a longer period. The sintered density increased with the increase in the
amount of nanopowder. For the compact without nanopowder, the
sintered density was 0.94, while this increased to 0.95 on addition of

Fig. 3. SEM images of the powder (a) ASC 300, (b) ASC + 5%, (c) ASC + 25%, (d) ASC + 50%, and (e) ASC + 75%.
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Fig. 5 shows the microstructure of the samples sintered at 2 °C/min.
The amount of residual porosity appeared to correlate to the increase in
sintered density. Porosity decreased with an increasing amount of
nanopowder and the compacts with nanopowder alone exhibited the
smallest porosity.
Fig. 6 depicts the dilatometry shrinkage, which elucidates sintering
behavior of different compacts ranging from no nanopowder to pure
nanopowder. The graphs show shrinkage rate as a function of temperature during heating. It should be noted that the shrinkage values in Fig. 6
are not adjusted for thermal expansion as per Eq. (7). Compacts made
from powder with no nanopowder additions showed conventional
sintering behavior, as seen in Fig. 6a. The single peak at around 910 °C
depicts the phase transformation from ferrite (bcc) to austenite (fcc).
This peak in shrinkage rate was observed for all the compacts. For the
variant with 5 wt% nanopowder, a minor peak in shrinkage rate at
820–870 °C was also seen (Fig. 6b). A minor peak appeared also at
400–450 °C with the increase in nanopowder content to 25 wt%
(Fig. 6c). For the compact with 50 wt% nanopowder, along with the
peak at 400–450 °C, a peak at 650 °C also appeared (Fig. 6d), while
the peak at 820–870 °C disappeared. On further increasing the
nanopowder content to 75 wt%, the peak positions remained similar
(Fig. 6e). For the compact with only nanopowder, multiple peaks appeared at around 350 °C, 500 °C and 800 °C apart from the phase transformation peak at 910 °C (Fig. 6f).

Table 2
Relative sintered density and densiﬁcation parameter for carbonyl compacts.
Sample

Relative green
density

Relative sintered
density

Densiﬁcation
parameter

Carbonyl
C + 5%
C + 25%
C + 50%
C + 75%
Nanopowder

0.72 ± 0.05
0.73 ± 0.03
0.76 ± 0.04
0.61 ± 0.01
0.57 ± 0.02
0.55 ± 0.01

0.94 ± 0.05
0.95 ± 0.02
0.95 ± 0.06
0.96 ± 0.01
0.96 ± 0.02
0.98 ± 0.02

0.8
0.81
0.82
0.89
0.91
0.96

5 wt% nanopowder. For the compact with 25 wt% nanopowder, the
sintered density was 0.95. For the compacts with 50 and 75 wt%
nanopowder, the sintered density values were 0.96 and 0.98, respectively. As the green density is different for the compacts, the effect of
nanopowder addition between the compacts would be difﬁcult to analyze in terms of sintered density. Thus, densiﬁcation parameter, ψ, [14]
is used for depicting the net effect of nanopowder content. It could be
seen from Fig. 2 that the densiﬁcation parameter is 0.8 for compacts
without nanopowder and 0.82 for both types of compacts with 5 and
25 wt% nanopowder. On further increasing the nanopowder content,
the densiﬁcation parameter value increases indicating an increase in
the degree of sintering densiﬁcation.
Compact containing nanopowder alone had the highest sintered
density. Nanopowder, owing to the excess surface energy, is expected to sinter well in comparison to the micrometre sized powder
alone. This helps in providing a dense grain boundary network
around the micrometre powder and this grain boundary network
provide diffusion path for the mass transport around and to the
micrometre sized powder. As a consequence, there is an accelerated
sintering [28] and hence the increase in sintered density. The ﬁne
particle size of the carbonyl powder itself also promotes sintering
which helps in cumulatively increasing the density of this type of bimodal powder compacts.

4.2.2. Water atomized iron powder without and with added nanopowder
Various density values, in terms of relative sintered density, are
shown in Table 3 and Fig. 4. For the compact without nanopowder,
the relative sintered density was 0.79 whereas the addition of 5 wt
% nanopowder increased the sintered density to 0.81. Increasing
the nanopowder content from 25 to 50 wt%, meant that the relative sintered density increased from 0.84 to 0.87. Finally, for the
compact with 75 wt% nanopowder, relative sintered density was
0.90. Densiﬁcation parameter then increased from 0.1 for compact
without nanopowder to 0.7 for the compact with 75 wt%
nanopowder.

Fig. 5. Optical images of sintered samples with the heating rate of 2 °C/min (a) carbonyl powder only, (b) and with 5%, (c) 25%, (d) 50%, and (e) 75% nanopowder contents as well as
(f) nanopowder only.
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Fig. 6. Sintering behavior of different powder compacts at different heating rates (a) carbonyl powder, and with (b) 5%, (c) 25%, (d) 50% and (e) 75% nanopowder content as well as
(f) nanopowder only.
Table 3
Relative green and sinter densities and densiﬁcation parameter for compacts composed of
water-atomized iron powder and nanopowder sintered at 2 °C/min.
Sample

Relative green
density

Relative sintered
density

Densiﬁcation
parameter

ASC 300
ASC + 5%
ASC + 25%
ASC + 50%
ASC + 75%

0.77 ± 0.05
0.78 ± 0.01
0.79 ± 0.09
0.72 ± 0.01
0.64 ± 0.02

0.79 ± 0.08
0.81 ± 0.06
0.84 ± 0.06
0.87 ± 0.01
0.90 ± 0.02

0.1
0.15
0.23
0.53
0.72

Fig. 7 shows the optical micrographs of cross-sections of sintered
compacts composed of water-atomized iron powder and different
amounts of nanopowder. The sintering hold was done at 1350 °C in
pure hydrogen atmosphere with a heating rate of 2 °C/min. The porosity
values assessed by the optical microscopy was consistent with the
sintered density values by Archimedes principle measurements.
Fig. 8 shows the dilatometry shrinkage as a function of temperature
during heating stage, which depicts the sintering behavior of compacts
composed of water-atomized iron powder and different additions of

Fig. 7. Optical images of sintered compacts with the heating rate of 2 °C/min (a) water-atomized iron powder only, (b) and with 5%, (c) 25%, (d) 50% and (e) 75% nanopowder content.
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Fig. 8. Sintering behavior of powder compacts at different heating rates (a) water-atomized powder only, (b) and with 5%, (c) 25%, (d) 50% and (e) 75% nanopowder content.

crystal structure, takes place at a slower rate and therefore the sintering
shrinkage rate is slower in austenite phase compared to BCC-ferrite.
Fig. 9 and Table 4 summarize the peak shrinkage temperatures for
the compacts based on the carbonyl powder and water-atomized iron
powder (ASC300) including the variants with different nanopowder
content sintered at 10 °C/min. It is obvious that the nanopowder inﬂuences the sintering behavior. As the nanopowder content increased,
the temperature at which densiﬁcation initiated decreased. Therefore,
the sintering of nanopowder occurs as expected at temperatures
lower than that of micrometre sized powder [29]. The large speciﬁc
area of nanopowder is associated with increased excess surface energy
and hence higher sintering activity [4,30]. As the nanopowder content
increased, the compacts revealed a two-peak shrinkage rate behavior
apart from the phase transformation peak. Such behavior is typically observed for nanopowder [31]. The double sintering rate peaks observed
are explained through intra-agglomerate sintering and interagglomerate sintering [32]. The peak for the low temperature region
signiﬁes the sintering of nanopowder within the agglomerate, which results in reduction in intra-agglomerate porosity. The height of the peak

nanopowder. The dilatometry shrinkage data in Fig. 8 has not been adjusted for thermal expansion as per Eq. (7). For the compacts without
nanopowder, see Fig. 8a, conventional behavior was observed. The
shrinkage rate peak at 910 °C corresponds to the ferrite (bcc) to austenite (fcc) transition. With the addition of 5% nanopowder, a small peak
was also observed at 570 °C for the compacts sintered at the heating
rate of 10 °C/min (Fig. 8b) apart from the phase transformation related
peak at 910 °C, which was present for all the compacts. For the compact
with 25% nanopowder, additional peaks appeared at temperatures as
low as 350 °C (Fig. 8c). On further increasing the nanopowder content
to 50%, additional peaks started to appear at 800 °C (Fig. 8d). For the
compacts with 75% nanopowder, multiple peaks were observed at
450, 600 and 850 °C (Fig. 8e).
The peak temperatures in Figs. 6 and 8 show where the shrinkage
rate is at a local maximum. This is the point where the change in shrinkage with time highest. The peak at the phase transformation temperature associated with phase change is due to the volumetric size
change from body centered cubic (BCC) structure to face centered
cubic (FCC) structure. The diffusion in FCC-austenite, a close packed

Fig. 9. Shrinkage behavior of (a) carbonyl-based compacts and (b) water atomized (ASC 300) powder-based compacts with varying nanopowder content sintered at 10 °C/min.
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Table 4
Temperatures for the different shrinkage peak recorded in the dilatometer studies at 10
°C/min.
Sample
Carbonyl iron (C)
C + 5%
C + 25%
C + 50%
C + 75%
Nanopowder

Shrinkage peak
temperature, °C

Sample

910
850, 910
400, 850, 910
470, 650, 910
450, 650, 910
500, 810, 910

Iron powder (ASC)
ASC + 5%
ASC + 25%
ASC + 50%
ASC + 75%

Table 5
Apparent activation energy for both water atomized (ASC 300) and carbonyl powder
compacts.

Shrinkage peak
temperature, °C
910
570, 910
375, 910
375, 800, 910
475, 850, 910

Material

ASC 300

+5% +25% +50% +75% Nanopowder

Apparent activation
energy (kJ/mol)
Material
Apparent activation
energy (kJ/mol)

356

347

322

298

260

158

Carbonyl +5% +25% +50% +75%
320
315 304
281
208

where ρf is the ﬁnal density, ρ0 is the initial density, N is the number of
experimental data points, and Θi−avg is the average value of all the work
of sintering over N. For the correct activation energy value, each Θ vs. ρ
curve should be a single sigmoidal curve [15]. Hence, the apparent activation energy was determined by minimizing the mean residual square.

Fig. 10 shows the determination of activation energy for water atomized (ASC 300) powder using three different heating rates. The best estimation for apparent activation energy for the ASC 300 compact was
found at 356 kJ/mol with a minimum residual square. The apparent activation energy values used in this study obtained for both water atomized (ASC 300) and carbonyl based bimodal powder compacts are
summarized in Table 5.
Table 5 shows that the activation energies decreased with the increase in nanopowder content. As it is already said, sintering activation
energy is the minimum energy required to initiate the sintering process.
Thus, smaller activation energy signiﬁes that the process of sintering is
initiated at lower temperature. This is due to the large speciﬁc surface
area which contributes to more contact regions for better diffusion
and hence decreases activation energy values. It should be noted that
the value of the dimensionless mean residual square value reﬂects the
quality of experimental data, with a low value showing a closer
correlation.
As mentioned earlier, the MSC is a form of relationship between relative density and work of sintering which can described as a sigmoidal
function. Fig. 11 shows the linearized form of MSC from which sigmoidal parameters were calculated. The details for the calculation of sigmoidal parameters are given in Appendix. The parameter values were
inﬂuenced by the nanopowder variation. Though the axes for MSC is relative density and work of sintering, densiﬁcation parameter was used
instead of density as the initial conditions of the compacts were different from one another other.
The MSCs were constructed using the activation energy values
calculated from mean residual square method and the sigmoidal parameters for both carbonyl-based and water atomized (ASC 300)based compacts (Fig. 12). The lower the value of work of sintering
is, the higher is the energy needed for the process. Work of sintering

Fig. 10. Apparent activation energy determination through mean residual square method
for water-atomized iron (ASC300) powder compacts.

Fig. 11. Linearized master sintering curve for carbonyl powder based compacts.

was found to increase with increasing nanopowder content in the
present study. The second peak represents the reduction of interagglomerate porosity. Sintering between the nanopowder agglomerates is thus given by this peak. The position of the two kinds of peaks
changed with nanopowder content. One of the reason could be that
nanopowder sinters to the micrometre sized powder and pulls its particles together which in turn increases the contact surface between them
therefore this improves overall densiﬁcation [33].
4.3. Master sintering curve
4.3.1. Calculation of apparent activation energy for sintering
It has been established that the work of sintering is a function of
time, temperature and apparent activation energy (Eq. (8)). Apparent
activation energy values are not directly obtained from dilatometric
data. Therefore, this has to be obtained before venturing into the construction of MSC. In this study, the mean residual method, given by
the equation presented by Oh et al. [2], was used to obtain the activation
energy as follows:
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u
2
N 
u
Θi
u
u 1 Z ρf ∑ Θi−avg −1
i¼1
Mean residual square ¼ t
dρ
ð8Þ
ρf −ρ0 ρ0
N
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Fig. 12. Master sintering curve of (a) carbonyl powder compacts and (b) water atomized (ASC 300) powder compacts.

Fig. 13. Master sintering curve with experimental result of compacts composed of (a) carbonyl iron and 75 wt% nanopowder and (b) water atomized (ASC 300) iron powder and 75 wt%
nanopowder.

powder and ﬁner carbonyl iron powder, while pure nanopowder with
particle size of maximum 100 nm was studied as sintering aid. The
green density was measured for all the compacts, produced through
press and sinter route, ranging from micrometre sized powder only to
mixtures with 5, 25, 50 and 75 wt% nanopowder and pure nanopowder
only compacts. The compact containing 25 wt% nanopowder had
highest relative green density for both compacts of both kinds of mixtures, estimating at 0.76 and 0.79 for carbonyl and water atomized
iron powder, respectively. The densiﬁcation parameter increased with
increasing nanopowder content; attributed to the dense grain boundary
network promoted by the nanopowder sintering resulting in enhanced
densiﬁcation. The bimodal powder and nanopowder showed multi
peak shrinkage rate behavior, supposed to be explained by the intraagglomerate and inter-agglomerate sintering of nanopowder. In this
study, the conventional master sintering curve concept was applied
compacts consisting of water atomized iron powder mixed with varying
amounts nanopowder. The compacts composed of carbonyl powder
mixed with nanopowder was used to understand the application of
master sintering curve to sinter compacts; to be applied to the compacts
based on water atomized iron powder. The activation energy values for
sintering of each kind of powder were calculated using mean square residual method. The shape of the curve was inﬂuenced by the amount of
nanopowder added as the work of sintering increased with increasing
nanopowder content. The curves showed relatively large errors because
of their multi-peak shrinkage behavior. The amount of error was high in
the case of water atomized iron powder compacts in comparison to carbonyl powder compacts.

represents the energy needed to densify the green body. It could be
seen from the ﬁgure that as the nanopowder content increased,
work of sintering also increased. The experimental results shown in
Fig. 13 differ from the model for the compacts with 75% nanopowder.
Such difference was observed for all the compacts between the
model and experimental MSCs. This could be an effect of the twopeak sintering rate nature of the compacts; not being depicted from
the conventional MSCs as they are developed for single peak behavior of traditional micrometre sized powder. It seems that the intra/
interagglomerate sintering kinetics associated with nanopowder is
the governing inﬂuence in this study which contribute to the difference between the model and experimental MSCs. It has also been
suggested, to employ the two-stage sintering model for better overlap between the experiments and model MSCs. Such model is beneﬁcial for materials that undergo phase transformations. Therefore,
by differentiation between the regions with respect to phase transition, the accuracy of the model could be improved [2,12]. However,
MSCs could not be constructed for the ASC 300 and ASC 300 + 5 wt
% nanopowder compacts as the obtained shrinkages for these compacts were too small to construct meaningful MSC.
5. Conclusions
In this study, sintering behavior of different bimodal powder variants produced by mixing micrometre sized and nanopowder was investigated. The micrometre sized base powder used were of two kinds;
irregularly shaped and correspondingly coarser water-atomized iron
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Appendix A
Combining (1, 2) gives:


dρ
γΩ ΓV DV Γb δDb
¼
þ
3ρdt
kT
G3
G4

ðA:1Þ

Since the diffusivities are exponentially dependent on the temperature, Eq. (1) could be rewritten using Arrhenius functions [22,34] as follows:





dL γΩ ΓV D0V
QV
Γb δD0b
Qb
¼
þ
ðA:2Þ
−
exp
−
exp
−
Ldt
kT
RT
RT
G3
G4
where D0 is the pre-exponential factor, Q is the activation energy and R is the universal gas constant.
If the sintering phenomena are governed by a single diffusion mechanism (either grain boundary or volume diffusion), G and Γ are functions of density, ρ. Then, the above Eq. (A.2) can be rewritten as:


dρ
γΩΓðρÞD0
Q
¼
ðA:3Þ
n exp −
3ρdt kT ðGðρÞÞ
RT
where D0 is the diffusion coefﬁcient of the dominant diffusion mechanism; D0 = D0V and n = 3 for volume diffusion whereas D0 = δD0b and n = 4 for
grain boundary diffusion.
The terms on the left-hand side of (3) are quantities which deﬁne microstructural evolution and material properties:
Z
ϕðρÞ ¼

ρ

ρ0

kGn
dρ
3γΩρD0 Γ

ðA:4Þ

Thus, in general form (3) becomes:
ϕðρÞ ¼ Θ ðt, TÞ

ðA:5Þ

The apparent activation energy value for sintering is now calculated through numerical analysis. For a given value of work of sintering, there exists a
corresponding density condition as per Eq. (6). If the relationship between density and work of sintering is established, MSC describing this relationship is determined for a given sintering system.
The MSC is consequently the relationship between ϕ and ρ. As mentioned before, it is difﬁcult to obtain Γ. The work of sintering could be calculated by
integrating the heating cycle of the sintering process. A polynomial function was suggested for depicting an MSC by Johnson et al. [10]. A sigmoidal
function was proposed by Teng et al. [35] and Blaine et al. [15] to describe the MSC. The sigmoidal function of an MSC can be expressed as a function of
relative density and work of sintering as:
e¼ρ
e0 þ
ρ

e0
1−ρ
1 þ exp − ln Θ−a
b

ðA:6Þ

e is the relative density, ρ
e0 is the initial relative density and the constants a and b are sigmoidal parameters. The parameter a coincides with the
where ρ
point of inﬂection of the curve and parameter b is the slope of the linearized curve.
Combining A.6 and (5) then gives:
ψ¼

e −ρ
e0
ρ
1
¼
e0 1 þ exp − ln Θ−a
1−ρ
b

ðA:7Þ

In the terms of work of sintering, the above equation is written as:

Φ¼

Θ
Θref

n
ðA:8Þ
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e ¼ 1þ2eρ0 and n is the power law exponent. The relationship between ψ and Φ is given by:
where Θref is the work of sintering at ρ
1
1
¼1þ
ψ
Φ

ðA:9Þ

The linearization of MSC is then ﬁnally given by the equation as follows:
ln Φ ¼

1
ð ln Θ−aÞ ¼ n ln Θ− ln Θref
b

ðA:10Þ

The sigmoidal parameters for different powder mixtures is given in Table A.1.
Table A.1
Sigmoidal parameters for different powder mixtures.
Material

a

b

Material

a

b

Carbonyl
C + 5%
C + 25%
C + 50%
C + 75%
Nanopowder

−38.47
−37.89
−35.18
−31.15
−29.15
−27.30

1.39
1.43
1.66
1.93
2.45
1.79

ASC 300 + 25%
ASC 300 + 50%
ASC 300 + 75%

−48.97
−45.73
−40.18

4.53
4.46
3.67

In order to measure the sinterability of a compact over a wide density range, master sintering curve (MSC) approach is adopted.
A.1. Treatment of dilatometery data
The thermal expansion coefﬁcients are obtained from the dilatometry data in the cooling step by calculating the relationship between the shrinkage
and the temperature. The obtained values were in agreement with the ones reported previously, see [7,15]. These values were used to compensate for
the thermal expansion effects during sintering. Once shrinkage without the thermal expansion is obtained, the next step is to calculate the relative
density at each temperature.
Relative density at each temperature was calculated using the equation:
e¼
ρ

e0
ρ

ðA:11Þ

ð1 þ ε00 Þ3

e0 is the relative green density and εW shrinkage at the given temperature.
where, ρ
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